One contribution of 15 to a theme issue 'Bioengineering in women's health, volume 2: pregnancy-from implantation to parturition'. We report here the results of a longitudinal study of cervix stiffness during pregnancy. Thirty women, ages ranging from 19 to 37 years, were scanned with ultrasound at five time points beginning at their normal first-trimester screening (8 -13 weeks) through term pregnancy (nominally 40 week) using a clinical ultrasound imaging system modified with a special ultrasound transducer and system software. The system estimated the shear wave speed (its square proportional to the shear modulus under idealized conditions) in the cervix. We found a constant fractional reduction (about 4% per week) in shear wave speed with increasing gestational age. We also demonstrated a spatial gradient in shear wave speed along the length of the cervix (softest at the distal end). Results were consistent with our previous ex vivo and in vivo work in women. Shear wave elasticity imaging may be a potentially useful clinical tool for objective assessment of cervical softening in pregnancy.
Introduction
During normal pregnancy, the cervix first holds the fetus in utero until term (37 weeks), then completely opens to allow vaginal delivery. To accomplish this remodelling process, it begins to soften soon after conception, and, as pregnancy progresses, continues softening as it also shortens and dilates [1] [2] [3] [4] [5] . When timing is abnormal, birth can happen too early (preterm) or too late ( post-term). Premature cervical remodelling is particularly concerning because of its association with spontaneous preterm birth, the leading global cause of death in children under 5 years of age [6, 7] .
In clinical practice, digital palpation is the standard of care for examining the cervix, but elasticity imaging approaches hold promise for making evaluation more objective [8] . There are two general approaches to elasticity imaging with ultrasound [9] . One is 'strain' (quasi-static) elastography, which involves a comparison of images before and after a compression for evaluation of relative deformation (and usually, relative stiffness). This is useful for detecting areas of relatively different stiffnesses within a fairly homogeneous tissue (e.g. tumours in breast) but less useful for determining average (bulk) stiffness in complex tissues because of inherent difficulties in assessing underlying mechanics of deformation in such tissues (e.g. cervix) [10] . The other approach employs shear wave elasticity imaging (SWEI) methods [11, 12] . These techniques were initially developed for relatively simple tasks such as quantifying liver fibrosis and classifying breast tumours, and therefore their application to the cervix presents some interesting challenges, but the work of several groups [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , & 2019 The Author(s) Published by the Royal Society. All rights reserved.
suggests that SWEI technology for objective quantification of cervical stiffness is promising.
Here, we report results from the first, to our knowledge, longitudinal study of cervical softening assessed with SWEI in a cohort of women with normal pregnancy.
Methods

Study design
This was a longitudinal study of SWEI measurements in women at 8 -14, 14 -16, 22 -24, 32 -34 and 37 -39 weeks gestational age.
Patients
Patients ages 18-41 scheduled for their first obstetric appointment at less than 14 week gestation (n ¼ 30) were recruited from Valley Obstetrics and Gynecology in Provo, American Fork and Orem, Utah from July to December of 2017. This study was approved by the institutional review boards at Intermountain Healthcare and the University of Wisconsin, and each subject provided written informed consent. Exclusion criteria included history of preterm birth, caesarean (C-section) delivery for failure to progress in labour, cervical surgery, collagen vascular disease or a known uterine malformation. The age, race, ethnicity, pregnancy history, gestational age and delivery outcome were recorded for each patient. The gestational age was calculated using crown-rump length at the first study visit.
Sample size
The sample size for this study was based on results of SWEI studies in hysterectomy specimens [18, 19] (demonstrating a spatial gradient in shear wave speed; SWS) and in pregnant women presenting for prostaglandin cervical ripening prior to induction of labour at term [21] . In the latter study, 20 women were enrolled, 10 of which required a second dose of prostaglandin (as opposed to going into labour) and in whom therefore both pre-ripening and post-ripening ultrasound evaluation was possible.
In the latter group, the mean difference between pre-and post-ripening SWS estimates was 0.86 + 0.64 m s 2 1 with a standardized effect size of 1.34 standard deviations. Assuming it is reasonable to extrapolate this to the current study, 10 subjects would result in 99% power to detect a difference in cervical softening between time points with a paired Student's t-test. Because these calculations were based on relatively small numbers, we tripled the sample size for this study to be conservative.
Data acquisition
All examinations were done by the same sonographer (J.D.) and acquisitions were supervised by the same engineer (L.C.C.) to reduce inter-observer variability. Scanning was performed using a Siemens ACUSON S3000 ultrasound system (Siemens Healthcare, Ultrasound Business Unit, Mountain View, CA, USA). A small linear array transducer was used to acquire shear wave data. We used a linear, as compared to a curvilinear, array transducer to reduce measurement error as much as possible from two known sources. First, we attempt to closely approximate the shear wavefront that the tracking algorithm assumes to minimize bias in SWS estimates. The algorithms that track the travelling shear wave assume the wave is sharply defined with a planar wavefront. Simple simulations with FIELD II [24, 25] demonstrate that the pressure distribution of the pushing pulse that initiates the shear wave for the curvilinear transducer is quite complicated as much as 15 mm away from the transducer face (deep into the cervix) compared to that of the linear array we used (figure 1). This difference significantly affects the frequency content of the propagating shear wave and the resultant group velocity estimate [26] . Second, we attempted to minimize the nonlinear stiffening of tissue that occurs with deformation and results in a biased estimate of tissue stiffness. Some preload (initial deformation) of tissue is unavoidable when making contact with the ultrasound transducer, but it should be minimized. Specifically, making what is often referred to as 'good contact' with the typical tightly curved linear arrays used in transvaginal ultrasound deforms the cervix at the point of contact by as much as 25% strain. Nonlinear stiffening of the cervix has been demonstrated with as little as 5% strain [27] . Therefore, measurement of SWSs with typical transvaginal transducers and scanning techniques leads to biased SWS estimates. This preload is easily minimized using a flat linear array transducers and visual feedback from B-mode imaging.
We first measured cervical length with a transvaginal transducer, as is done in clinical practice, for future comparison of cervical length and elasticity measurements as part of a separate study. Following cervical length measurement, a probe cover filled with ultrasound gel was placed over the prototype transducer and air bubbles were removed by smoothing the cover over the transducer aperture. The prototype transducer was inserted transvaginally and placed on the anterior cervix aligned parallel with the cervical canal as close to the internal os as possible. In order to find the same location for each exam, the bladder reflection ( pelvic fascia that fix the location of the bladder) was chosen as an anatomical fiducial marker. The position of the transducer was adjusted so that the bladder reflection was visible in the upper left corner of the image for each exam as shown in figure 2. Contact force was minimized by observed tissue displacement in B-mode imaging before SWEI measurement.
SWEI data were acquired with a customized implementation of the Siemens Virtual Touch Tissue Quantification software package. Shear waves were created with an acoustic radiation force impulse (ARFI) technique [28] and tracked by sweeping across a 2 Â 1.25 cm 2 region of interest (ROI). The SWEI parameters are listed in table 1. The ROI was placed mid-thickness through the anterior half of the cervix (as represented by the solid green lines royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20190030 in figure 3 ). Three replicate SWS images were acquired for each subject at each exam.
Data processing
Data processing were performed offline using MATLAB (Release 2016b, The MathWorks, Natick, MA, USA). Tissue displacement was estimated using Loupas' method on raw in-phase and quadrature (I-Q) ultrasound signals [29, 30] . Low correlation (less than 0.98) displacement estimates were discarded. A quadratic motion filter was used to remove bulk motion [11] . The displacements were averaged using a 2 mm axial kernel with 90% overlap and then filtered with a low-order Butterworth low-pass filter with a cut-off of 1000 Hz to remove noise. The SWS was estimated using the random sample consensus (RANSAC) method [31] , a time-of-flight approach that determines SWS from the time-to-peak versus lateral location, over a 1.6 mm lateral region. Any SWS estimates more than 10 m s 21 (upper limit of the system) or with less than 30% (RANSAC) inliers were excluded (based on the same exclusion criteria used in our previous in vivo studies [21, 22] ). In addition, a manual ROI in the axial direction was chosen for each measurement to remove estimates 2 -5 mm from the outer surface of the cervix and cervical canal to avoid boundaries that complicate shear wave propagation verified by non-planar shear wave fronts in the time-topeak (TTP) values. The final ROI (selected in post-processing) was divided into four sub-regions with a lateral width of 5 mm and labelled as distance away from the internal os (defined as right below the bladder reflection) with centres at 0.25, 0.75, 1.25 and 1.75 cm as shown by the dotted white lines in figure  3a . The positions at 0.75 and 1.25 cm away from the internal os most closely correspond to the mid-proximal locations measured in our previous cross-sectional studies [21, 22] . An example of the shear wave image superimposed on the B-mode image is shown in figure 3b . In addition, the canal angle (CA) was measured by drawing a straight line from the internal to external os and measuring the angle between that line and one normal to the transducer face, where 908 indicates the canal is parallel to the aperture. An example CA measurement is shown in the results in figure 4.
Statistical analysis
A linear mixed effects (LME) model was used to estimate the relationship between SWS and gestational age (continuous variable 'GA' in weeks), location (1,2,3,4; categorical variable 'Loc'), parity (nulliparous/multiparous; categorical predictor 'Par') and canal angle with reference to the transducer aperture (continuous variable 'CA') fitted using maximum likelihood. We subtracted eight weeks from GA to explicitly state that the model is only estimated over the range of gestational ages for which we have data.
Uncorrelated random effects due to inter-subject variability for slope and intercept were included as well as co-variation between variables. A natural logarithmic transformation was applied to SWS to satisfy the normality assumption of the analysis. The LME model for all variables can be represented as follows: [32] . In addition, a 'Location Specific Mode' (in contrast with the 'Joint Model' represented by equation (2.1)) was applied to SWS measurements from individual locations by not including the Loc effect in equation (2.1).
Results
One patient delivered preterm (at 34 weeks and 5 days) and was excluded from analysis. Of the remaining 29 women included in the final analysis, nine were nulliparous and 20 were multiparous. Data collected from patients are summarized in table 2. Further, not all patient datasets were included at each ultrasound due to technical issues, poor data quality, or because the patient delivered before the last study visit was scheduled. In particular, it was not uncommon for some subjects in the first trimester for the cervix to be in a difficult position (such as vertical to the transducer face) which made it difficult to couple with the transducer and produce reliable SWEI data. An example B-mode image of this cervix position is shown in figure 4 where the cervical canal is easily visible royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20190030 and curves vertically. In these cases, the data quality of the displacement and SWS estimates was poor and did not meet inclusion criteria discussed in the methods sections, therefore, were not included in the analysis. SWS estimates decreased with gestational age and with increasing distance away from the internal os. Table 3 summarizes SWS estimate median values (25th-75th percentiles) for each location and study visit. Figure 5 shows boxplots at each location of median SWS estimates for all subjects and repeat measurements versus gestational age. The centre line indicates the median, the boxes are the 25th and 75th percentiles and the whiskers represent the maxima and minima. The circles represent outliers greater than 1.5 Â IQR. The width of the boxplots indicate the range of gestational ages at each study visit.
The large number of outliers at second and third study visits were dominated by SWS estimates from two patients where their SWS estimates started out higher but still . Box-and-whisker plots of median SWS for all subjects and measurements at each location (distance in centimetres from the internal os) versus gestational age. The width of the box indicates the range of GA at the corresponding visit. royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20190030 decreased with gestational age. Figure 6 shows plots of the three repeat SWEI measurements at each gestational age for patient 18 (figure 6a) and patient 21 (figure 6b) at a distance of 0.75 mm from the internal os. These values correspond to all of the outliers in exams 1-4 visible in the upper right plot of figure 5 ( patient 21 delivered before the fifth ultrasound so there is one outlier from patient 18 at the last exam). Although these data points were outliers in the cumulative dataset, they are consistent with a significant decrease in SWS between exams 3 and 4 ( figure 6 ). The LME model results demonstrated a significant decrease in SWS with gestational age (p , 0.001) for both the location specific and joint models. Figure 7 shows box-andwhisker plots of the median ln(SWS) for all subjects versus gestational age fitted with the location specific LME model (solid line) and final joint model (dashed line). There was no dependence on canal angle (p ¼ 0.144) or parity (p ¼ 0.117), therefore these variables were not included in the models. For the location specific models, SWS decreased by a factor of 0.91, 0.97, 0.97 and 0.98 per week gestation at each 0.5 cm incremental distance away from the internal os, respectively. In particular, there was a significant quadratic term at the most proximal location (0.25 cm), but this term was not significant in the other location-specific models or the joint model, therefore, it was not included in the final model.
In the final joint model (summarized in table 4), a significant decrease in SWS was observed with gestational age (p , 0.001) and location away from the internal os (p , 0.001). In addition, the reduction in SWS versus gestational age was dependent on location (p , 0.001) as shown by the significant interaction term. The final joint LME model can be written in linear form using linear fixed effect coefficient Figure 7 . Box-and-whisker plots of median ln(SWS) for all subjects and measurements at each location (distance in centimetres from the internal os) versus gestational age. The location specific LME model fit is shown by the solid line and the final joint LME model by the dashed line.
royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20190030 values listed in the third column in table 3 to estimate ln(SWS). SWS can be directly estimated using the exponential form as defined by
where the coefficients are the multiplicative effect values listed in the 4th column of table 3. The base value at 0.25 cm at eight weeks gestation is 3.7 m s 2 1 and each week's increase in gestational age reduces the SWS by a factor of 0.96 (a 4% decrease in SWS). The SWS decreases with each 5 mm incremental distance away from the internal os by a factor of 0.85 (about 15% reduction). The interaction between GA and Loc indicates that farther from the internal os the rate of reduction in SWS versus gestational age is diminished by 0.4%.
Discussion
In this study, we found that SWS estimates decreased with increasing gestational age along the length of the cervix, with the greatest increase in softness (9% per week) seen at the most proximal, and least (2% per week) at the most distal, of the four locations evaluated on the anterior cervix. From proximal to distal, the overall reduction in SWS from the first trimester to the late third trimester was 69%, 59%, 48% and 39%, respectively. Only the most proximal region showed a significant quadratic trend (upper left plot of figure 7) , suggesting that the microstructure in this location undergoes more rapid and extensive change than in other regions. The trend we observed in this longitudinal study is similar to that reported in some [15, 21, 22] , but not all [14] previous cross-sectional studies. For example, we found a 52% reduction in SWS in cohorts of women in the first as compared to the third trimester of pregnancy [22] , similar to the 42% decrease noted by Peralta et al. [15] , while Muller et al. [14] reported only a 12% decrease. Many factors could account for the discrepancy in these results, such as different equipment and SWS measurement algorithms, but a compelling explanation is a difference in sampling location. For example, Muller et al. [14] reported measurements from the distal cervix only, while we and Peralta et al. [15] evaluated multiple regions. Evidence that cervical stiffness differs at different locations in the cervix has been accumulating in recent years. For example, in a cross-sectional study of hysterectomy specimens from nonpregnant women, we found a gradient in stiffness along the length of the cervix which was greater in unripened as compared to ripened cervices, suggesting both that measurement location is important and that the cervix becomes more homogeneous as it remodels [18, 19] . In Peralta et al.'s [15] cross-sectional study of women in early and late pregnancy, the stiffness gradient was greater in the former group. The current longitudinal study is the first to demonstrate that this trend persists in individual women. This is likely related to at least two factors, namely, greater cellular and microstructural heterogeneity at the proximal cervix [7, 33] and progressive homogenization of the cervix as its microstructure remodels throughout as pregnancy [33] [34] [35] [36] [37] .
While it seems logical that stiffness would be different at the proximal cervix, where clinical change (e.g. cervical funnelling) initiates, it is less clear why there would be differences in the posterior, as compared to the anterior, cervix. However, both our group [21, 22] and Peralta et al. [15] have demonstrated more reliable measurements from the anterior cervix. Part of this is likely related to less preload from operator placement of the transducer on the cervix, a factor that also reduces subjectivity. Specifically, we found that we could control potential confounding of nonlinear tissue stiffening due to contact force by minimizing tissue deformation in B-mode images before SWEI measurements. Also, while we acknowledge that knowing precise sampling location is difficult because of the dynamic changes in cervical length and thickness that occur throughout pregnancy [38] , we can make location choice as consistent as possible by using a stable anterior structure (bladder reflection) to guide identification of the internal os, as is done in clinical practice for cervical length measurement. In fact, using that landmark consistently provided reassurance that the 'mid-proximal' region of our previous studies corresponds to between the 0.75 and 1.25 cm positions in the current study.
One limitation of our study is the use of custom software and a prototype (linear) transducer. While at the moment this limits the ability of other groups to reproduce our results, our software iterations are facilitating optimized acquisition strategies; for instance, the IQR for SWS estimates in this study is about half that of our previous studies, a substantial improvement in our ability to accurately and reliably measure SWS [21, 22] . The transducer used for this study, compared to those used for our previous studies, has improved B-mode image quality and a larger surface area. This transducer's improved image quality provided greater confidence in confirming measurement location, in part because the larger field of view allowed reliable visualization of structural landmarks. Its larger surface area allowed for larger amplitude shear waves, which reduced variance in particle displacement and SWS estimates.
While this custom set-up is a limitation, in our experience the best way to produce measurements with the greatest reliability has been to develop and refine SWEI technology. As noted above, reliability and accuracy of SWS estimates in this study was significantly improved upon that of our previous studies. Further, our estimates show less variability than measurements from groups who used a curvilinear transducer, such as Agarwal et al. [16, 17] , Peralta et al. [15] and Hernandez-Andrade et al. [13] , This may be explained by the linear array of our prototype transducer; specifically, we used a relatively small linear array with a flat contact surface, which is beneficial for two reasons. First, it allows for relative alignment of ultrasound beams with the cervical canal (that is easily visualized with B-mode imaging). Also, the typical curvilinear array used on transvaginal transducers contains relatively large transducer elements, and this creates complex wave initiation and behaviour that violates typical assumptions used in shear wave imaging ( planar wavefront assumptions). An example of why this is important is demonstrated by our Field II simulations of the elevation plane versus imaging depth of the normalized pulse intensity for an ARFI excitation focused at 1.5 cm for the prototype linear array (left) and an endovaginal curvilinear array (right) (figure 1). The significant side-lobes observed in the excitation pressure field for the endovaginal probe can cause ambiguity in the shear wave arrival time and therefore bias in the estimated wave speed [39] . In summary, although right now our custom set-up is a limitation, it appears ideally suited to the purpose of evaluating stiffness properties of an extremely complex tissue, and we expect that soon it will be available to share. Another limitation is that our study was relatively small, and involved only a single centre. Larger studies will certainly be needed to explore differences between nulliparous and multiparous women and, ultimately, between women who experience abnormal birth timing and those who deliver on time. A larger sample size will also be needed to further evaluate sources of bias and variability, and confirm the finding of this study that canal angle (angle between the endocervical canal and the acoustic beam where 908 is defined as parallel to the transducer face) is not a significant confounder for small angle ranges (+108), unlike what has been reported in coherence tomography studies [40] . In some instances in this study, the cervical canal was at such an extreme angle (e.g. figure 4 ) that SWS could not be estimated due to poor quality displacement data, and therefore these data did not meet inclusion criteria and were excluded from analysis. This condition was observed in the first trimester in one-third of women (n ¼ 10), particularly those at less than 12 weeks of gestation, which is not surprising given that the cervix in early pregnancy, like in women who are not pregnant, may be markedly retro-or anteverted. Fortunately, this was not a problem after 16 weeks of gestation for any of the women in this study, but we plan to research means to obtain reliable SWS estimates in cases of marked retro-or anteverted uteri in case it becomes clear that cervical microstructure in early pregnancy holds critical information about the outcome of that pregnancy.
Perhaps the most important finding of this study that will require a larger sample size to investigate is that cervical softening may occur at different rates in different women. Specifically, we observed that even in outlier data sets where the SWS estimates were initially higher, indicating that the cervix started out stiffer, the SWS estimates followed the same trends as the inlier datasets (figure 5) although they may have softened at a faster rate. We do not know yet the mechanism that causes this. Overall, the final LME model demonstrated an average 4% per week reduction in SWS values in all individuals. This is interesting because it may mean that it is the rate of change, not a particular softness threshold, that is most critical for predicting birth timing. If that were true, it would be consistent with evidence that suggests perhaps it is the rate of decrease in cervical length, and not necessarily a specific threshold (e.g. 25 mm) that distinguishes the 'normal' from 'short' cervix, that is most relevant to predicting preterm birth [41] This concept comes as no surprise in today's healthcare arena, in which we are starting to understand that the vast array of human biological variability requires a personalized approach to each patient.
In summary, while much work remains, this study encourages us to further pursue our novel SWEI approach to evaluation of the complex cervix because it appears effective, as demonstrated in particular by the narrow 95% confidence intervals in the LME coefficients. We are currently pursuing larger clinical trials, and preparing to share our methods with other interested groups.
Conclusion
This longitudinal study demonstrated that the progressive cervical softening that is digitally palpable during normal pregnancy is quantifiable with SWEI. We further found that measurement variability was substantially reduced with the novel technique we developed and refined for SWEI evaluation of complex, anisotropic tissues. In summary, SWEI is a potentially useful clinical tool for objective assessment of cervical softening in pregnancy.
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